Spontaneous mutations and neocarzinostatin-induced mutations were investigated in the hypoxanthine-guanine phosphoribosyltransferase (hprt) gene in exponentially growing Chinese hamster ovary cells. Neocarzinostatin (NCS) treatment caused an 4.5-fold increase in mutation frequency. Analysis by multiplex polymerase chain reaction and sequencing of hprt cDNA revealed that spontaneous mutations in this system were characterized by a relatively high rate of large deletions and double-base substitutions, and a low rate of splice mutations compared with data reported in fibroblastic cell lines. NCS hardly affected this spectrum of spontaneous mutations, which indicates the rare incidence of NCS-specific change in the exponential growth phase. This is in contrast to aprt gene mutations reported in plateau phase cells in which base substitutions occur preferentially at sites affected by NCS. These results suggest that differences in the loci assayed or in the processes involved in mammalian mutagenesis in the exponential growth phase and the plateau phase may be the source of the different results.
Introduction
Neocarzinostatin (NCS*), an enediyne antibiotic used for cancer treatment, produces DNA double-strand breaks (DSBs) efficiently, therefore, cellular responses to the drug are similar to responses from X-rays (1) . On the other hand, molecular processes in which DSBs are caused are different from processes in X-ray-induced DSBs. In contrast to breaks at random sites in the DNA sequence targeted with X-rays, NCS causes DSBs, which are sequence specific.
In studies on the interaction between NCS and synthetic oligonucleotides in vitro, it is well documented that NCS produces damage at AGT/ACT and AGC/GCT (5Ј→3Ј/5Ј → 3Ј) sequences, where a mixture of a single-strand break and an abasic site is produced in each strand (2) . Reflecting this characteristic of NCS-induced damage, mutational hotspots are found at AGC sequences in Escherichia coli and lambda phage (2) (3) (4) . In mammalian cells, NCS-induced mutagenesis seems to be more complex. The majority of mutations at the hypoxanthine-guanine phosphoribosyltransferase (hprt) locus in V79 cells were deletions of large size, whereas base substitutions and one base-and two base-deletions accounted for 60% of the total mutations at the adenine phosphoribosyltransferase (aprt) locus in Chinese hamster ovary (CHO) cells (5, 6) . Some possibilities have been raised to explain such a difference between both loci (6) . The lack of large deletions at the aprt locus may be caused by strong selection against this class of mutations by the presence of an essential gene flanking aprt (7, 8) and because of DNA replication being almost ceased when cells in the resting state are used (6) . In mammalian cells, mutations are induced preferentially in proliferating cells, as the damage that is left unrepaired is fixed as mutations during DNA replication. On the other hand, in cells in the resting state, rather than the replication process, the repair process may play a more important role in producing an error in DNA sequences, and thereby cause mutations of small size, and base substitutions at sites that NCS is known to attack (6) . In such cells, agents that produce DSBs cause a significant level of mutation (9, 10) , albeit that they are marginally mutagenic in proliferating cells. Thus, it is of interest to compare mutations occurring in proliferating cells with those in cells in the resting state. We report, herein, on the mutational changes induced by NCS at the hprt locus in exponentially growing CHO cells.
Materials and methods

Cells and mutagenesis
CHO-T1 cells, a clone from CHO cells, were cultured with Dulbecco's modified Eagle's medium (DMEM) that contained 10% newborn calf serum. The doubling time of CHO-T1 cells was 16 h. CHO-T1 cells were treated with culture medium that contained 5000 µM hypoxanthine, 20 µM aminoputerin and 800 µM thymidine (HAT medium) for 48 h to eliminate pre-existing mutants (Ͻ10 -6 /viable cell). A 50ϫ HAT solution was purchased from Flow Laboratory (UK). After treatment the cells were grown and stored at -80°C. A new stock was taken out each time for use.
Independent spontaneous and NCS-induced HPRT mutants were isolated as follows. For spontaneous mutations the cells were inoculated at 2ϫ10 5 cells/dish into individual 10-cm dishes. The cells were grown for 7 days for expression of the 6-thioguanine resistant (6TG r ) phenotype. The cells were subcultured before the expression culture reached confluence. For 6TG r selection, the cells were inoculated at 2ϫ10 5 cells/dish into five 10-cm dishes that contained culture medium with 5 µg/ml 6TG. Mutants resistant to 6TG were selected 14 days later. To ensure the independent origin of all mutants, a single colony was randomly isolated from dishes that were initiated from an independent culture for expression and was used for further analysis of mutated sequence of the hprt gene. For NCS experiments, the exponentially growing cells in each dish were treated with 40 ng/ml NCS for 10 min at 10 6 cells/dish. After the cells were rinsed twice with culture medium, they were trypsinized and inoculated into a dish at 8ϫ10 5 cells/dish. The survival of NCS-treated cells was 0.24, as described below. The cells were retained for exponential growth and subcultured before reaching confluence for expression of the 6TG r phenotype. At 7 days later, the cells were transferred to five dishes with 6TG medium and cultured for 14 days for selection of mutant clones. Only one mutant clone was randomly isolated from these five dishes.
Isolation of DNA and RNA
A modified procedure that combined methods from Miller et al. (11) and An and Hsie (12) was used to isolate DNA and total cytoplasmic RNA from the same sample. Approximately 2ϫ10 6 mutant cells were collected in a 1.5-ml microcentrifuge tube. The cells were suspended in 300 µl of ice-cold RNA lysis buffer (0.14 M NaCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl, pH 8.6, 0.5% Nonidet P-40, 1 mM dithiothreitol, 1000 unit/ml RNase inhibitor) and incubated at 0°C for 5 min. The sample was centrifuged (8000 r.p.m., 5 min) and the pellet was later used as the nuclear fraction. The supernatant was mixed with 300 µl of PK buffer [0.2 M Tris-HCl, pH 8.0, 25 mM EDTA, 0.3 M NaCl, 2% sodium dodecyl sulfate (SDS), 100 µg/ml proteinase K]. After removal of pelleted material by centrifugation an equal volume of isopropanol was added. The RNA fraction was then pelleted by centrifugation (8000 r.p.m., 5 min), washed once with 70% ethanol, dried in vacuum and dissolved in TE buffer (10 mM Tris-HCl , pH 8.0, 1 mM EDTA). The nuclear pellet was dissolved in 300 µl of DNA lysis buffer (10 mM Tris-HCl, pH 8.0, 400 mM NaCl, 2 mM EDTA), and incubated overnight at 37°C after 30 µl of 10% SDS and 10 µl of 10 mg/ml proteinase K were added. The nuclear lysate was mixed well with 150 µl saturated NaCl and centrifuged (8000 r.p.m., 15 min). After addition of 1 ml of absolute ethanol, DNA was pelleted by centrifugation (14 000 r.p.m., 10 min), washed once with 70% ethanol, dried, and dissolved in TE buffer. Multiplex PCR Oligonucleotide primers for multiplex polymerase chain reaction (PCR) were synthesized on a DNA synthesizer (Pharmacia Biotech, Uppsala, Sweden). Eight pairs of primers were used for nine exons of the hprt gene, as reported earlier (13) . Exons 7 and 8 were co-amplified using a pair of primers because of the short intron 7. The PCR amplification of the nine exons was performed simultaneously in 50 µl of the mixture [67 mM Tris-HCl, pH 8.8, 250 ng genomic DNA, 6.7 mM MgCl 2 , 16.6 mM (NH 4 ) 2 SO 4 , 5 mM 2-mercaptoethanol, 6.8 µM EDTA, 1.8 mM four deoxynucleotide triphosphate (dNTP), 0.14-1.6 µM eight pairs of primers, 10% dimethyl sulfoxide, 3 units Taq Amplified cDNA was purified by the 'Geneclean' protocol of the Geneclean II kit (BIO 101 Inc., La Jolla, CA). Mutant sequences of the cDNA hprt gene were determined by dideoxy termination reaction using a TaKaRa Taq TM Cycle Sequencing kit (Code No. R014, TaKaRa Biochemicals Ltd., Kusatsu, Shiga). The oligonucleotide primers used in sequencing were as follows. 
Results
Frequency and classes of mutations
The average mutation frequency and standard error of 45 independent cultures treated with 40 ng/ml NCS for 10 min 792 was 4.9 Ϯ 0.4 per 10 5 viable cells. This was 4.5-fold higher than that of 43 spontaneous mutations (1.1 Ϯ 0.1 per 10 5 viable cells). At this concentration of NCS, the survival determined by a clonogenic assay was 0.24. Because of the low frequency of induced mutations, it should be noted that mutant clones isolated from NCS-treated cells may have included clones with mutations that spontaneously arose at a rate of~20%. The sequence determined by direct sequencing the wild type of CHO-T1 cDNA was consistent with the data shown by Konecki et al. (15) with two exceptions: C instead of T at position 464, and A instead of G at position 665. The difference at position 464 has already been reported in another CHO substrain (15, 16) . The difference at position 665 was in the 3Ј untranslated region of the hprt gene. The CHO-T1 cells must have functional HPRT, because they grew in HAT medium. Mutated sites at the hprt locus of mutant clones that spontaneously arose, and NCS-induced mutations, were analyzed using multiplex PCR and sequencing of cDNA after RT-PCR. Classes of these mutations are listed in Table I . In both mutations, frequencies of base substitutions, splice mutations, frameshifts or deletions were close. Statistical analyses were performed to determine whether changes by NCS in the number of mutant cells in these mutational classes and special types of transitions and transversions were significant. However, there were no statistically significant changes between NCS-induced and spontaneous mutations.
The distribution of mutations in the hprt gene is shown in Figure 1 . Spontaneous mutations seem to be distributed randomly over the hprt exons. No hotspot was found in the NCSinduced mutations.
Large deletions and splice mutations
Details of large deletions and splice mutations are shown in Table II . In the case that there was no change in length of all exons in multiplex PCR and that there was a short cDNA in RT-PCR, the mutations were suspected to be those at the splice sites (S1, S9, S34, N26, N27, N40, N43). This was confirmed by sequence analysis of cDNA, and the deleted sequences by splice mutation are indicated in Table II . There were two splice mutations at exon 8 and one mutation at exon 4 in spontaneous mutations, and two mutations at exon 8, one mutation at exon 7, and one mutation at exons 3-4 in NCSinduced mutations. In deletions that include exon 9, no RT-PCR product was recovered (Table II) . This may have been because there was no poly(A) tail addition in the cytoplasmic mRNA, as we used oligo(dT) [12] [13] [14] [15] [16] [17] [18] as a primer of reverse transcription. Hence, confirmation of the exact deleted site by sequencing of cDNA 793 was not performed. These mutations were classified as deletions based only on the data in multiplex PCR. In other large deletions, it was confirmed by sequencing of cDNA that a single or multiple exon(s) was deleted. In multiplex PCR, exons 7 and 8 were amplified using the same pair of primers, hence, lack of this band did not necessarily mean deletion of both exons. In this case, any deleted exon was determined by means of cDNA sequencing. Deletions of a single exon and multiple exons were found in both spontaneous and NCSinduced mutations (S5, S6, S37, S39, S41, N3, N7, N14, N17, N24, N30, N36, N38). When no exon band was found in multiplex PCR, the mutations were classified as deletions of a total gene (S3, S15, S22, S24, S30, N33). The number of this class of mutations was reduced in the NCS-induced mutations (Table I) .
Base substitutions
Base substitutions at a single-base pair are listed in Table III . Numbers in the column of sites (exon) in Table III indicate sites at which base substitutions occurred, sequentially numbered from 1 at the first base of the ATG codon of hprt cDNA. Numbers in parentheses denote that the mutated sites are in the exon of that number. Neither a particular type of base substitution was abundant nor were there mutated sites where base substitutions repeatedly occurred. The exception was site 212 in spontaneous mutations and sites 425, 581 and 633 in NCS-induced mutations. It is reported that NCS causes sequence-specific bistranded DNA damage (6) . These sequences include AGT/ACT, AGC/GCT, TGT/ACA and AGA/TCT (5Ј→3Ј/5Ј→3Ј), where the nucleotide closest to 3Ј of underlined sequences becomes abasic as a result of NCS attack and is shown to be preferentially mutable in lambda phage, Escherichia coli and CHO cells (3, 4, 6) . Hence, mutated sites included in these sequences are underlined in Table III . Four of 23 NCS-induced single base substitutions (17%) and four of 18 spontaneous mutations (22%) occurred at such sites. In both strands of hprt cDNA, AGT, AGC, TGT, and AGA sequences are repeated 24, 17, 28 and 20 times, respectively. From this, the frequency of these four sequences in a whole sequence of both strands is calculated at 13.6%. The rate was slightly lower than that observed in NCS-induced (17%) and spontaneous base substitutions (22%) in the present study.
Double base changes, frameshifts and small deletions
All double mutations but one (N1) in the NCS-induced mutations were tandem, as shown in Table IV . Frameshifts consisted of one-base deletions (S38, S8, S16, S31, S33, N4) and one-base insertions (N22, N34). Small deletions with loss of a 24 or 17 base pair (S4, S19) were found in spontaneous mutations. There were two mutations in which no change was found (N6, N41), and one mutation of three-base deletion with two-base addition in NCS-induced mutations (N42). Detail of these changes, with the exception of those with no mutations, are shown in Table IV .
Discussion
As shown in Table I , base substitutions were the most predominant change in spontaneous mutations. Transversions were more common than transitions (Table I ) and no A:T→T:A change was recovered (Table III) . These tendencies are consistent with hprt results in V79 reported by Zhang et al. (17) and in CHO cells reported by Xu et al. (18) . Although NCS did not change the percentage of base substitutions, it increased the rate of transitions. However, this change was not statistically significant. There were two A:T→T:A changes in NCS-induced mutations.
It has been reported that sites of bistranded NCS-induced damage are sequence specific. From studies on the interaction of NCS molecules with oligonucleotides, it is revealed that AGC/GCT (5Ј→3Ј/5Ј→3Ј) and AGT/ACT are the most prominent sites of bistranded damage. Abasic sites are formed at the nucleotide closest to 3Ј of the underlined strand, and the strand breaks at the nucleotide closest to 3Ј of the opposite strand (2) . Consistent with this, C residue of the AGC sequence is a mutational hotspot for base substitutions in lambda phage and E.coli, SOS repair-dependently (2-4). In addition, in the aprt gene in CHO cells, AGC/GCT, AGT/ACT, TGT/ACA and AGA/TCT sequences are preferentially damaged by NCS, and base substitutions occurred frequently at the 3Ј nucleotide (the last letter) of each underlined sequences, which was probably because of the formation of an abasic site (6) . The most unique condition used in this mammalian system is that exposure to NCS is performed in a confluent state of cell growth: a repair system lacking an intact template (abasic site) may cause mutations rather than the replication system . We observed here a slightly higher frequency of this sequencespecific base substitution in NCS-induced mutations, compared with the frequency that would be expected based on chance (frequency of AGC, AGT, TGT, AGA in overall hprt cDNA). However, it is not likely that this was because of NCS treatment, because a similar frequency was observed in spontaneous mutations (Table III) . This is contrasted to much fewer such mutations in spontaneous mutations and much more in NCSinduced mutations at the aprt gene (6) . In exponentially growing cells, the replication system may be more important for mutagenesis than the repair system. Hence, the difference in the mechanism underlying mammalian mutagenesis in the exponential growth phase and in the confluent state (19, 20) can be the source of the different results. However, it is equally possible that differences in the loci assayed (hprt versus aprt) may have affected the types of mutations (21) .
NCS induces both single-and double-strand breaks (1, 6, 22) . X-rays are also known to produce strand breaks that cause major damage, and are responsible for the cell killing effect and probably for mutagenesis. If these strand breaks are responsible for mutations in proliferating cells, NCS may be X-ray mimetic in mutagenesis. In proliferating cells, it is shown that X-ray-induced small mutations are similar to spontaneous ones (23, 24) . These facts suggest that NCSinduced mutations resemble spontaneous mutations. As shown in Tables III and IV, NCS-induced and spontaneous mutations were, in fact, similar. However, the site-specific and sequencespecific nature of NCS-induced DNA damage (6, 22) was not reflected by the mutations (Table III and IV) . The translesion type of repair at abasic sites proposed by Wang and Porvirk (6), which accounts well for the generation of NCS-induced sequence-specific small mutations, may not be a major process involved in mutations in proliferating cells. Recently, it has been shown that activity of casein kinase 2, an enzyme that phosphorylates many kinds of proteins and may play a major role in the process of cell proliferation (25) , was selectively inhibited by NCS chromophore (26) . Provided that NCS affects mutation frequency via its effect on cell proliferation, it is likely that only the mutation frequency is affected, with no changes in the spectrum of mutations.
Frameshifts consisted of one-base deletions and one-base insertions (Table IV) . There was only one mutation where potential NCS target abasic sites were mutated in spontaneous mutations and NCS-induced ones. Four one-base deletions of spontaneous mutations occurred at sites where there were runs of an identical base. The deleted sequence of one small deletion of spontaneous mutations with the loss of 25 base pairs was flanked by short direct repeats (GGT), one of which was in the deleted sequence. These types of deletions were repeatedly reported (24, 27, 28) and can be explained by the slippagemisalignment model (29) (30) (31) .
When TK6 human lymphoblasts and cultured B-lymphoblastoid cell lines are used, approximately half of the spontaneous mutations are deletions (21, 32, 33) . On the other hand, large deletions seem to be relatively rare (12-14%) in the hprt data in V79 cells (17) , and slightly more (23%) in CHO cells (18) . We have shown here that deletions in spontaneous mutations in CHO cells accounted for 28% of total mutations. In our data, deletions that arose spontaneously consisted of only three different types: five deletions with loses of exons 1-9, four deletions with loses of exon 8, and one deletion with loses of exons 2-9 (Table II) . In contrast to this, NCS-induced mutations included a greater variety of deletions and some of these deletions were not found in spontaneous deletions (Table  II) . In V79 cells, NCS caused a high rate of total gene deletions (5). We had only one such deletion in the NCS-induced mutations (Table II) .
A striking difference in the spontaneous mutation spectrum shown here from that observed in earlier reports (17, 18, 34, 35) is that only a small percentage of splice mutations (7%) were recovered here (Table I ). In the mammalian hprt gene, a large proportion of mutations is found at splice sites (Ͼ20%). There are two types of mutations that are caused by splicing abnormality (34) . First, mutations that affect splice donor or acceptor sites, or even mutations that affect sites different from splice sites, cause loss of the whole exon(s). These mutations are generated when consensus sequences flanking the deleted exon(s) are not recognized properly in splicing of mRNA. Second, is a kind in which sequences at sites different from normal splice sites are used as a cryptic splice site, hence, deletions or insertions of certain size are caused. We observed only the former type: deletions of cDNA with loss of whole exon(s) 3-4, 4, 7 or 8 (Table II) . NCS did not change the rate of splice mutations (Table I ).
In conclusion, some unique characteristics of spontaneous mutations were observed in our mammalian hprt mutagenesis system. There was a relatively high frequency of double-base substitutions and a low frequency of splice mutations compared with these mutations in other systems (17, 18, 35) . However, classes of mutations and their distribution over the gene are virtually similar to those reported previously. NCS neither greatly affected classes or distribution of mutations, nor caused base substitutions preferentially at potential NCS-target sites. This is in contrast to NCS-induced base substitutions at the aprt locus (6) . In these cells in the confluent state, it is reported that DSB-producing agents such as X-rays, bleomycin and NCS, which are marginally mutagenic in exponential growth phase, caused a high frequency of mutations (6) . The different loci assayed or different systems involved in the various growth conditions may cause differing frequencies of base substitutions at potential NCS-target sites.
